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A spinning sphe r i ca l  s a t e l l i t e  has been proposed by t h e  
Coordinated Science Laboratory t o  aeasure  a general  r e l a t i v i t y  e f f e c t  
which is predicted t o  
5 t o  7 s ec  of a r c  per  
by a unique method o r  
cause the  spin ax is  of t he  sa te l l i t e  t o  precess  
year.' 
readout which u t i l i z e s  t e r r e s t r i a l  s igh t ings  of sun- 
Measurement of t he  precession is  r e a l i z e d  
1 
l i g h t  r e f l e c t e d  from mirrors  on the s a t e l l i t e ' s  sur face .  The measurement 
of such a s m a l l  precession rate required an inves t iga t ion  of o ther  
torques producing e f f e c t s  which could possibly prevent t he  i s o l a t i o n  of 
the  r e l a t i v i t y  e f f e c t .  I n  t h i s  respec t ,  the  ana lys i s  t o  determine the  
aerodynamic torque w a s  i n i t i a t e d .  
The aerodynamic torque on a spinning sphe r i ca l  sa te l l i t e  has 
a l s o  been s tudied  by R.  I). Palamara2 and Nan Tum  PO.^ R.  D .  Palamara 
analyzed not  only aerodynamic torque but a l s o  numerous o ther  e f f e c t s  which 
cause torque on an unprotected spinning s a t e l l i t e .  H i s  s tudy of the  aero- 
dynamic torque i s ,  however, too r e s t r i c t e d  i n  t h a t  the  s a t e l l i t e  sp in  axis 
i s  taken as  being i n  the  plane of the  o r b i t .  Nan Tum PO obtained &more 
genera l  so lu t ion  which he  used t o  f i n d  the  sp in  r a t e  slowdown of a sa te l l i t e  
having high sur face  a rea  t o  mass r a t i o .  The Coordinated Science Laboratory 
is ,  however, proposing t o  measure the  precession r a t e  of a s o l i d  sphe r i ca l  
s a t e l l i t e  f o r  which the  q u a l i t a t i v e  r e s u l t s  of Nan Tym PO do not  apply. 
'Coordinated Science Laboratory, Universi ty  of I l l i n o i s ,  Urbana, 
"Quarterly Progress Report" f o r  Dec. 1964, Jan.  and Feb., 1965, pp. 1-12. 
2R. D .  Palamara, Synthesis of a General R e l a t i v i t y  Experiment 
3Nan Turn Po, "On the  Rotation Motion of a Spher ica l  S a t e l l i t e  
(Thesis) ,  June 30, 1964, pp. 53-74. 
Under t h e  Action of Retarding Aerodynamical Moments ," NASA TTF-9630, 
January 22, 1965. 
. . 
2 
There was then an expressed need fo r  a general  ana lys i s  of the  aerodynamic 
e f f e c t  which eoilld be appl ied t o  the proposed s a t e l l i t e .  
The study c o n s i s t s  of f i r s t  obtaining the  general  a n a l y t i c a l  
expression f o r  aeradynamic torque which is found t o  depend upon the  
o r i e n t a t i o n  of the  sa te l l i t e  and the accommodation c o e f f i c i e n t  of the  
sur face .  Consideration is then given t o  the  e f f e c t  of nonuniform d i s t r i -  
but ion of accommodation coe f f i c i en t  and o r b i t a l  regress ion  e f f e c t s  which 
cause a change i n  s a t e l l i t e  o r i en ta t ion  with t i m e .  When these  r e s u l t s  
a r e  appl ied t o  the CSL s a t e l l i t e ,  two conclusions a r e  evident .  F i r s t ,  a 
reasonable adjustment i n  the  i n i t i a l  o r b i t a l  parameters and s a t e l l i t e  
o r i e n t a t i o n  can be made s o  as t o  reduce the  aerodynamic e f f e c t  t o  a value 
acceptable  f o r  the  r e l a t i v i t y  experiment. Second, aerodynamic e f f e c t  can 
a l s o  be s impl i f ied  t o  make possible  a d i r e c t  measurement of t h e  accommodation 
coef f ic . ien t  of the  s a t e l l i t e  surface.  The f e a s i b i l i t y  of performing a 
s a t e l l i t e  experiment t o  measure the accommodation c o e f f i c i e n t  by the  
techcique prcposed by the  Coordinated Science Laboratory i s  inves t iga ted .  
The obvious advantage the sa te l l i t e  method has over earthbound- 
labora tory  methods of measuring the accommodation c o e f f i c i e n t  i s  t h a t  t he  
measurements are made under ac tua l  o r b i t a l  condi t ions The extreme d i f f i -  
culey involved i n  attempting t o  simulate o r b i t a l  condi t ions l ed  
W i l l i a m  J. Evans t o  say t h a t  "with improved labora tory  techniques enabl ing 
b e t t e r  s imulat ion of o r b i t a l  condi t ions,  it is  e n t i r e l y  poss ib le  t h a t  a l l  
p r i o r  data (on accommodation coe f f i c i en t s )  w i l l  have been d i sc red i t ed .  194 
' W i l l i a m  J. Evans "Aerodynamic and Radiation Disturbance Torques 
on S a t e l l i t e s  Having Complex Geometry," Torques and At t i t ude  Sensing i n  
Ea r th  S a t e l l i t e s ,  ed. S. Fred Siner ,  1964, p. 85. 
3 
The importance and d i f f i ; u l t y  of s imulat ion of o r b i t a l  condi t ions can be 
der ived from the  concluding remarks of Harold Y. Wachman. 
Accommodation coe f f i c i en t  values t h a t  can be 
confident ly  appl ied t o  a solut ion of sa te l l i t e  drag and hea t  
t r a n s f e r  problems must be obtained from experiments with gas 
molecules whose v e l o c i t i e s  match those of satell i tes.  To 
the  au thor ' s  knowledge, t he  problem of generat ing i n  the  
laboratory a near ly  mono-energetic beam of molecules i n  t h e  
range 1 t o  10 eV with adequate f l u x  has not  y e t  been solved. 5 
Daniel McKeowan s i g h t s  the  problems of laboratory techniques and the  
advantages of using s a t e l l i t e  methods. 
Using the  l a t e s t  advances i n  vacuum technology, 
i t  i s  poss ib le  t o  obtain pressures b e t t e r  than 10-9 Torr. 
The moment the  beam i s  turned on, though, t he  vacuum i s  de- 
graded t o  pressures  of Torr due t o  gas flow. A t  t h i s  
pressure the  t e s t  surface i s  usua l ly  covered with many layers  
of absorbed gas which shield it from d i r e c t  beam bombardment. 
The r e s u l t s  of a laboratory experiment a r e  d i f f i c u l t  t o  i n t e r -  
p r e t  i n  con t r a s t  t o  a c lean sur face  such a s  the  sk in  of a 
s a t e l l i t e . 6  
Therefore,  a s a t e l l i t e  experiment e l imina tes  the  laboratory 
problems by embodying the  a c t u a l  o r b i t a l  condi t ions.  This advantage 
coupled with the accuracy and unique s impl i c i ty  of the CSL s a t e l l i t e  pro- 
v i d e s  a super ior  experimental method f o r  the study of accommodation 
c o e f f i c i e n t s .  
5Harold Y Wachman, "The Thermal Accommodation Coeff ic ient :  
A C r i t i c a l  Survey," ARS Journal  32, January, 1962, p. 11. 
6Daniel McKeman, "Surface Erosion i n  Space," Rarefied Gas 
Dynamics, Ed. J. A .  Laurman, Supplement 2, Vol. I, 1963, p. 
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11, ANALYSIS OF AERODYNAMIC TORQUE ON A 
SPINNING SPZRXGAL SATELLITE 
The sa te l l i t e  analyzed i s  the  type proposed by the Coordinated 
Science Laboratory t o  measure a general  r e l a t i v i t y  e f f e c t .  
design and readout system of t h e  CSL s a t e l l i t e  c o n s i s t s  of u t i l i z i n g  
t e r r e s t r i a l  s igh t ings  of sunl ight  r e f l e c t e d  from mir rors  on the  s a t e l l i t e ' s  
near ly  sphe r i ca l  sur face .  7'8 
s a t e l l i t e  t o  be about one foot  i n  diameter,  composed of s o l i d  g l a s s  and 
spinning a t  about 250 rev.  per sec. These parameters w i l l  be used i n  
the  ana lys i s  t o  present  sample  r e s u l t s .  Although the  s a t e l l i t e  is  poly- 
hed ra l  i n  design,  it is  assumed to  be sphe r i ca l  f o r  purposes of ana lys i s .  
The bas i c  
Proposed design parameters consider the  
The s a t e l l i t e  o r b i t  must be r e s t r i c t e d  t o  a l t i t u d e s  of less 
than 1000 m i l e s  t o  produce a measurable r e l a t i v i t y  e f f e c t  and a l s o  t o  
provide s u f f i c i e n t  br ightness  of r e f l e c t e d  sun l igh t  f o r  da ta  co l l ec t ion .  
T h i s  r e s t r i c t i o n  t o  low o r b i t s  allows the  assumption t o  be made t h a t  
random o r  thermal motion of gas molecules can be neglected i n  comparison 
t o  the  re la t ive ve loc i ty  of the  s a t e l l i t e ; '  t he re fo re ,  t h e  inc ident  
v e l o c i t y  of gas molecules can be taken t o  be equal  t o  the o r b i t a l  v e l o c i t y  
of the  sa te l l i t e .  The assumption of f r e e  molecular flow i s  v a l i d  above 
100 mi les  a l t i t u d e  and the re fo re  can be used i n  the a l t i t u d e s  of i n t e r e s t  
f o r  t h i s  ana lys i s .  10 
7CSL "Quarterly Progress Report," 2. &. 
8D. H .  Cooper, "Passive Polyhedral Gyro S a t e l l i t e , "  Coordinated 
Science Laboratory Report 1-128, February 16, 1963. 
'Wachman, &. p.  2 .  
loEvanst 9- Le, c i t  p .  83.  
t 
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Since the  fl3w is  f r e e  noler-ular,  the  aerodynamic forces  may 
be ca l cu la t ed  by cons ide r i ig  the  inc ident  and r e f l e c t e d  molecules 
sepa ra t e ly .  The r e f l e c t i o n  of molecules i s ,  however, determined by the  
accommodation c o e f f i c i e n t  of t he  sur face .  I n  t h i s  ana lys i s  the c l a s s i c a l  
Maxwell accommodation c o e f f i c i e n t  is used i n  which the  accommodation 
c o e f f i c i e n t  (a,) equals  the  percentage of impinging molecules t h a t  are 
d i f f u s e l y  r e f l e c t e d  from t h e  sur face  a f t e r  being accommodated t o  the  
sur face .  The remaining percentage, (1 - cy ), a r e  specular ly  r e f l e c t e d  with 
n3 energy accommodation. 
u 
d 
The torque caused by gas su r face  in t e rac t ions  is analyzed by 
viewing the  specular ly  and d i f fuse ly  r e f l e c t e d  molecules sepa ra t e ly .  
r e s u l t a n t  fo rce  due t o  a specular  r e f l e c t i o n  is  normal t o  the  sur face ;  
t he re fo re ,  f o r  a s p h e r i c a l  surface,  no torque about t h e  cen te r  of m a s s  
r e s u l t s  from specular ly  r e f l e c t e d  molecules. 
molecules, the torque is  evaluated i n  the  following way. F i r s t ,  t he  fo rce  
per u n i t  a rea  due t o  the  impingement of the  molecule depends on the  angle 
of the  sur face  t o  the  flow and i n  general  causes a torque about t he  center  
of m a s s .  Second, we take i n t o  considerat ion the  dynamical e f f e c t  of t he  
r e f l e c t i o n .  After accommodation t o  the  su r face ,  the  molecule i s  d i f f u s e l y  
r e f l e c t e d  w i t h  a ve loc i ty  component normal t o  the  sur face .  
ponent r e s u l t s  i n  only a normal force as  required by the  d e f i n i t i o n  of 
d i f f u s e  r e f l e c t i o n .  Since the  molecules have been accommodated t o  the  
sur face ,  each d i f f u s e l y  r e f l ec t ed  molecule has a l s o  a component of velo-  
c i t y  tangent t o  t he  sur face  and equal t o  the  angular ve loc i ty  of t he  
sur face  a t  the  poin t  of r e f l ec t ion .  It i s  these mechanisms which produces 
the  precess iona l  torque t h a t  causes the  d i r e c t i o n a l  movement of the  sp in  
axis. 
The 
For t h e  d i f f u s e l y  r e f l e c t e d  







The coordinate  systems t o  be 
i n  F igs .  1 and 2 ,  The X, Y ,  Z axis is  
P o l a r i s  and X along the  vernal  equinox 
used i n  the  ana lys i s  a r e  shown 
the  i n e r t i a l  set with Z toward 
The x ,  y ,  z coordinate  system 
is  at tached t o  the  o r b i t  with the z axis  normal t o  the  o r b i t a l  piane and 
the  x axis as the  ascending node of the  o r b i t .  
a t tached  to t h e  gyro and t h e  xs ax is  can be thought of as  the  l i n e  formed 
where the  plane normal t o  the  spin ax is  i n t e r s e c t s  the  o r b i t a l  plane.  
The xs, ys, zs set  is 
z 
s ’  ys ,  s js, k are u n i t  vec tors  along t h e  x ,  y ,  z and x S’ s i, j ,  k, and i 
axes respec t ive ly .  A l s o  shown i n  t h e  f igu res  i s  the  gas flow v e l o c i t y  
vec to r  which is always i n  the  x,y plane and can be thought t o  r o t a t e  about 
t h e  cen te r  of the  s a t e l l i t e  a t  the o r b i t a l  angular ve loc i ty .  The ve loc i ty  
vec to r  i s  tangent  t o  t h e  o r b i t a l  path a t  a l l  times. Fig.  3 i l l u s t r a t e s  
t he  s p h e r i c a l  coordinate  system (7,s ,R)  used i n  the  i n t e g r a t i o n  over the 
sur f  ace of the  sphere 
The mass f l u x  of g a s  molecules impinging upon an element of 
su r face  d A  is  
- -  
pV n dA 
- 
where p is the  atmospheric densi ty  a t  the  o r b i t a l  a l t i t u d e ,  V i s  t h e  
v e l o c i t y  vec tor  equal t o  the  o r b i t a l  ve loc i ty ,  and n i s  t h e  normal t o  the  
su r face  a r e a  dA. 
Since only t h e  d i f fuse ly  r e f l e c t e d  molecules e n t e r  i n  the  torque 
ana lys i s ,  w e  may ignore the  specular ly  r e f l e c t e d  ones. The impinging 
molecules e x e r t  a torque 
The r e f l e c t i n g  molecules e x e r t  a torque 
7 
orbital plane) 





J + r ,  
X 
(Line of nodes) 
X 
(Vernal Equinox I 
Figure 1. Arrangement of coordinate systems. 
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where is  the  sp in  vec tor  of the gyro and R is the  radius  vector  t o  the  
su r face  from the  cen te r  of m a s s .  The elemental  torque dL produced by the  
complete i n t e r a c t i o n  is  then the  sum of the  above expressions,  i .e.,  
Referr ing now to Figs. 2 and 3 we de f ine  the following vectors and terms: 
- 
2 '  
v =  
dA = 
R =  
R =  




RIK = G i n  6 s i n  i$ i - ns in  8 cos @ j -i- 0 cos Q k 
-V cos a i  - V s i n  cy j 
R2 s i n  Tl dT 
R s i n  T cos 5 i + R s i n  Tl s i n  5 j + R cos T k 
rad ius  of sphere 
s i n  TI cos 5 i + s i n  T s in  5 j + cos T k. 
S S S S S S 
- 
(5) 
W e  s u b s t i t u t e  these  vec tors  i n t o  the expression f o r  dL and i n t e g r a t e  over 
only the  su r face  area i n  the  ve loc i ty  stream. This is accomplished by 
f i r s t  i n t e g r a t i n g  over Tl from 0 t o  17. W e  then i n t e g r a t e  over 5 from 
Q' - - t o  Q' + ll because cy def ines  t h e  d i r e c t i o n  of t he  ve loc i ty  vec tor  ?. 2 2 
After  i n t eg ra t ion  the  instantaneous torque reduces t o  a funct ion of t he  
angles a ,  0 and @ . 
X Y  S 
2 - L = - L~ [ s i n  e S  s i n  6 ( s i n  (Y + 2) + s i n  8 cos ( s i n  cy cos w)]i 
[ s i n  B S  s i n  @ ( s i n  (Y cos a )  + s i n  B S  cos gS(cos Q' + 2 ) ] j  
S S S 
2 + L 






V l l R  a .  Lo = O l d  4 (7) 
I f  we now consider the o r b i t  f i xed  i n  i n e r t i a l  space,  t he  problem 
i s  s i m i l a r  t o  the  c l a s s i c  top or gyro problem where the  torque i s  def ined 
wi th  r e spec t  t o  a nonmoving frame. To f i n d  the  r e s u l t i n g  motion of t he  
s p i n  axis under the  a c t i o n  of the above torque,  w e  must f i r s t  f i n d  i t s  








Figure 3 .  Coordinate system used for surface integration. 
1 
11 
components i n  the  x s’ Y S ,  z s system. 
system, L becomes 
S ’  
L = L [ s ines  
The torque 
- 
2 2 cos$ (COS CY - s i n  CY) + s ines  - 
S 0 S 
2 2 
( s i n  6s - cos 
r e f e r r e d  t o  i n  t h i s  
siw c o w  
0 0 + L I s i d  cDsescos 2 (cos 2 act21 + s ine  c o ~ ~ ~ s i n ~ ~ ~ ( s i n ~ a c t 2 )  
0 S S S 
+ 2 afii8 cos0 sf* cos@ a i m  cas2 - 3 cose s h e  -I : 
S S S S S sJ Js 
2 2 2 2 + L [-2 s i n  eS si* cos@ sina coca - s i n  8 cos aS(cos aj2) 
- s i n  8 
0 S S S 
2 2 2 2 s i n  @s(s in  crt2) - 3 cos Bs]ks . 
S 
Since t h e  sp in  r a t e  of t h e  gyro w i l l  be much higher  than the  
angular movements of the  sp in  axis , t he  Euler equations can be s impl i f i ed  
by neglec t ing  terms of s m a l l  magnitude. The precession of the sp in  axis 
is then defined by the  following: 
L 




S Q ) s  s i n  B S  = -uz 
where L and L a r e  the  y and x components of torque, r e spec t ive ly ,  
X S S 
YS S 
and I i s  the  moment of i n e r t i a  about t h e  sp in  ax is .  The angular d i sp lace-  
ment f o r  any t i m e  t becomes 
and L 
d t  . YS t *@s =J’ s i n  e 
0 S 
Now, f o r  a c i r c u l a r  o r b i t  (Y = u) t where u) i s  the  cons tan t  
0 0 
o r b i t a l  angular ve loc i ty .  Therefore, 
12 
& =  dw t = w  d t  
0 0 
(32 d t = - .  
W 
0 
When t = 0 say (Y = 0 and when t = T = t i m e  over which measurements a r e  





- S 2m 
*$s = J’ s i n e  wo 
0 S 
From equation (8), the  functions of are seen t o  be per iodic  within the 
range 0 t o  2n. 
t h e  i n t e g r a l  from 0 t o  2n. 
The i n t e g r a l s  from 0 t o  2m can be expressed as  n times 
Also contained i n  the  expressions f o r  0 and 
S 
as are terms containing the trigonometric funct ions of 0 and @ . Since 
S S 
the  change i n  0 and GS is s m a l l  over the t i m e  of i n t e r e s t ,  the  tr igono- 
S 
metr ic  funct ions of these angles can be considered constant  during 
in t eg ra t ion ,  and w e  have 
2Tr 
A0 = L s  - L  da 
fro. YS 
- n Jrn Lx dcy . 
S 
‘@s s i n  esm0 
Now, performing the  in t eg ra t ion  
s z ” L x  & = O  
0 S 
while 
J~ - L = nLo.s in  8 cos es  . 
S 
0 YS 
Theref ore ,  
I 
8 - -  . 
IIRL 
0 A0 = - s i n  8 cos 0 
s mw0 S S 
13 
(17) 
and t h e  movement of t h e  sp in  axis is a precession causing the  sp in  ax i s  
t o  move i n t o  the  plane of the o r b i t  i f  i n i t i a l l y  out  of t he  plane. 
However, no precession e x i s t s  i f  t h e  sp in  axis is i n i t i a l l y  perpendicular 
t o  t h e  o r b i t a l  plane (e = 0) or i f  t he  sp in  ax i s  is i n  t h e  o r b i t a l  plane 
(es = n/2) .  The maximum value of A0 occurs when 8 = n/4.  Subs t i t u t ing  
i n t o  equation (17) the  expression f o r  L equation (7) and note the  sp in  




2 4  m udpV IT R 
s i n  28 . 81 wo S AeS = 
Now, f o r  a s o l i d  sphere made of ma te r i a l  densi ty  p 
i n e r t i a  i s  
the  moment of 
S '  
p nR5 . I = -  8 15 s 
Also, V ,  t he  o r b i t a l  ve loc i ty ,  can be expressed as 
V = Rowo 
where R i s  the  rad ius  of t h e  o rb i t  measure from the center  of t he  e a r t h .  
By using these s u b s t i t u t i o n s ,  we ob ta in  
0 
R 
2 s i n  28 . 
S =*d 6 4  p R S 
S 
The f i n a l  expression is seen t o  be a funct ion of var ious 
parameters but only two, p and B S ,  a re  of any importance i n  reducing 
o r  increas ing  A8 . 
o r b i t a l  p lane) ,  A@ 
value a t  8 = n /4 -  The e f f e c t  of atmospheric dens i ty  is bes t  i l l u s t r a t e d  
by choosing, as a bas is  f o r  ca l cu la t ion ,  a s o l i d  g lass  sphere of one foo t  
diameter.  Therefore, 
If 8 7 O  < 0 
is reduced by an order of magnitude of i t s  maximum 





= 2 . 2 ~ 1 0  3 kg/m 3 
P S  
R = 1 / 2  f t  = 1.5X10 -1 m . 
The atmospheric dens i ty  is  taken as t h e  maximum occurr ing during an 
average sunspot cycle  and is shown p l o t t e d  i n  Fig.  4.11 
= nlo+ nf A Q  1m-I sin 2Q 
p l o t  shows t h a t  the  aerodynamic e f f e c t  can be reduced t o  less than one s e c  
of a r c  per  year by o r b i t i n g  the  sa te l l i t e  a t  600 miles  and requi r ing  the  
s p i n  axis t o  be wi th in  3 of the o r b i t a l  plane.  
With these values  
versi~s orhttal a l t i t u d e  is shown i n  F ig .  5. The 
- " s ' - -  ---- S u r---
0 
The magnitude of the aerodynamic e f f e c t  is d i r e c t l y  propor t iona l  
t o  the  accommodation coe f f i c i en t  of the  sa te l l i t e  sur face .  This para- 
m e t e r  can vary between zero and one and i t s  value is  dependent upon t h e  
su r face  p rope r t i e s .  Most of the experimental  da t a  ava i l ab le  p red ic t s  
the  accommodation c o e f f i c i e n t  to  be almost one. However, no experimenters 
have been ab le  t o  reproduce the o r b i t a l  environment which requi res  a very 
high speed gas flow combined with an almost pe r f ec t  vacuum. 
the  r e s u l t s  obtained shown i n  Fig. 5,  the  p o s s i b i l i t y  is presented of using 
a lower o r b i t  t o  magnify the aerodynamic e f f e c t  which would, i n  tu rn ,  
provide an accurate  measurement of the  acconmmdation c o e f f i c i e n t  under the  
a c t u a l  o r b i t a l  condi t ions which a r e  so d i f f i c u l t  t o  achieve i n  the  labora- 
to ry .  A complete d iscuss ion  of t h i s  p o s s i b i l i t y  and the  r e s u l t s  of t h i s  
ana lys i s  is presented i n  the discussion of r e s u l t s  s ec t ion .  
I n  view of 
To complete t h i s  sec t ion  on the  bas ic  aerodynamic torque, t he  
slowdown of t he  s a t e l l i t e  sp in  r a t e  w i l l  be ca l cu la t ed .  
torque,  L is along the  z axis and the  expression f o r  the  slowdown r a t e  
The slowdown 
z 2  S 
S 
"Orbital F l i g h t  Handbook, NASA Sp 3 3 ,  P a r t  1, 1963, p. 11 3 4 .  
I -  
ll .- 
i -  
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Air Density vs G r b i t a i  Altitude 
Greatest values of density which 
will occur in  an average sunspot 
cycle. 
I I I I I I I 1 I I I 
Orbital  altitude ( s ? o t  miles 1 
Figure 4. A i r  density vs. o r b i t a l  a l t i t u d e .  
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1 5 ~  P R 
= [r - 9 1  a d  sin28, 
ps 
n = Number of orbits in year. 
P,= Density of glass sphere 
=2.2 Kg/m3 
Ro=Rabius 0: orbit, 
R =Radius of sphere =1/2 f t .  
P =Gas density. 
200 400 600 800 lo00 
Orbital alt itude ( miles ) 
Figure 5. Coeff ic ien t  of precession r a t e  vs. a l t i t u d e .  




Q = -  -S 
I 
Subs t i t u t ion  of L from equation ( 8 )  and in t eg ra t ing  z 
S 
2 m L  
I W  
0 
*SI 
(5 + cos m = - -  
0 
and using the subs t i t u t ions  for  L V,  and I t h i s  becomes 
0’ 
2 R 2 ( 5  + cos es>  * - -  n a  - IhT m - -  hz d 64 ps R 
The slowdown rate is seen t o  be of the  order  of t he  precession rate. 
Subs t i t u t ion  of t he  var ious parameters a t  600 m i l e s  y i e lds  
The slowdown e f f e c t  w i l l  therefore  be negl ig ib le  f o r  the a l t i t u d e s  and 
sp in  r a t e s  t o  be used i n  t h i s  experiment. 
18 
111. CONSIDERATION OF NONUNIFORM SURFACE DISTRIBUTION 
O F  ACCOMMODATION COEFFICIENT 
Ef fec t s  such as roughing of the  sur face  by dust  p a r t i c l e s ,  
changing of sur face  proper t ies  due t o  r ad ia t ion ,  and nonuniform hea t ing  
of t he  sur face  could cause changes i n  the  accommodation c o e f f i c i e n t  with 
r e spec t  t o  pos i t i on  on the surface of t he  s a t e l l i t e .  
problem and the r e s u l t i n g  motion of the  s a t e l l i t e  sp in  ax i s ,  we consider  
t h e  s a t e l l i t e  or ien ted  so t h a t  the pos i t i ve  sp in  vector  is d i rec ted  
towards the  sun. A l s o  assume t h e  sp in  ax is  t o  l i e  i n  the plane of the  
o r b i t .  
To study t h i s  
Under the  above conditions,  one-half the  surf  ace a rea  of t he  
sa te l l i t e  is i n  sun l igh t  while t h e  o ther  ha l f  is not  (see Fig. 6).  The 
sur face  i n  the  sun l igh t  w i l l  then have a higher  temperature than t h a t  no t  
i n  sunl ight .  
hea t ing  i s  t o  cause one-half t he  sur face  t o  have one accommodation coe f f i -  
c i e n t  (Y and the  o ther  ha l f  t o  have accommodation coe f f i c i en t  (Y ' I .  Since d d 
t h e  sp in  ax i s  i s  i n  t h e  plane of t h e  o r b i t ,  the  s a t e l l i t e  presents  d i f -  
f e r e n t  p a r t s  of its sur face  t o  the ve loc i ty  stream. A t  some poin ts  i n  its 
o r b i t  t he  s a t e l l i t e  presents  both "hot" and "cold" sur faces  t o  the  v e l o c i t y  
stream while a t  other  points  only a "hot" o r  a "cold" surface is subjected 
t o  molecular impingement. I n  view of t he  ana lys i s  presented earlier,  
t he re  i s  no torque about the  spin ax i s  when only a "hotrt o r  a "cold" sur -  
It may be assumed then t h a t  t h e  e f f e c t  of the  nonuniform 
face is exposed t o  the ve loc i ty  stream (and t h e  sp in  ax i s  i n  the  plane of 
the  o r b i t ) .  However, when both "hot" and "cold" surfaces  are  exposed t o  
the  ve loc i ty  stream a torque w i l l  occur and may be ca lcu la ted  i n  the  f o l -  
lowing way. 
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Since the  sp in  ax i s  is  i n  the  plane of the  o r b i t  and poin t ing  
towards the  sun, the  sa te l l i t e  must pass through the  shadow of the  ea r th .  
Assume t h a t  while the  s a t e l l i t e  is i n  the  e a r t h ' s  shadow, the  temperature 
reaches an equi l ibr ium value a t  a l l  po in ts  on i t s  sur face .  During the  
per iod the  sa te l l i t e  is i n  the  shadow, no aerodynamic torque a c t s  on the  
s p i n  axis. N o w ,  r e f e r r i n g  t o  Fig. 6, one can v i s u a l i z e  a n e t  torque ac t ing  
on t h e  sa te l l i t e  sp in  axis every complete o r b i t .  
displacement could occur a f t e r  10 such o r b i t s  i n  a yea r ' s  time. 
A s i g n i f i c a n t  angular 
3 
Unfortunately,  it is not convenient t o  perform the  ca l cu la t ions  
i n  the  same coordinate  system as the  previous ana lys i s .  The coordinate  
system t o  be used i s  shown in  Fig.  7 .  I n  t h i s  system, t he  s p i n  vec tor  is  
along the  x axis and the  ve loc i ty  vec tor  makes an angle (Y with  r e spec t  t o  
t h i s  vector .  The o r b i t ' s  coordinate system (x, y,  z )  is def ined as before .  
S 
For c a l c u l a t i o n  purposes it is assumed t h a t  t he  x,  y, z axis  has the  same 
d i r e c t i o n s  as the  x 
coordinate  system used f o r  surface in t eg ra t ion .  The vec tor  q u a n t i t i e s  of 
z axis ,  respec t ive ly .  Figure 3 i l l u s t r a t e s  t he  
s '  Y S ,  s 
i n t e r e s t  are:  
t he  sa te l l i t e  sp in  vector  
- 
n = h l i ,  
the v e l o c i t y  vec tor  of impinging molecules 
- 
V =  - V C O S C Y  i - V s i n c r  j , 
the elemental  a rea  of s a t e l l i t e  sur face  
2 d A = R  s i n v d T J e ,  
t h e  rad ius  vector  t o  the  sur face  of the  sphere 
- 
R - R s i n  7 cos T i  -t- R s i n  7 s i n  5j + R cos Sk , 
and the  u n i t  normal t o  the  surface 
- 
n = s i n  cos s i  + s i n  7 s i n  5j + cos vk . 
~ 
I 
i - -  
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Figure 6. Diagram of nonuniform s o l a r  heat ing e f f e c t  
f o r  s a t e l l i t e  i n  equator ia l  o r b i t .  
Figure 7 .  Coordinate system used for  nonuniform heating analysis .  
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As before,  t he  specularly r e f l e c t e d  molecules do not en te r  i n t o  
the  torque ana lys i s . I2  There are now two expressions f o r  elemental torque 
- - _ _  _ _  - 
= - ad[RX(V - RXR)(pV-n dA)] 
where cy ' must be used f o r  molecules impinging on one-half t he  sur face  
a rea  and cy f o r  the  o ther .  
d 
d 
Subs t i tu t ion  of the vector q u a n t i t i e s  i n t o  the expression f o r  dL 
y ie lds  
2 2 2 dx = dT\ e ad pR V s i n  T([RV COS~)(COS 5 cos cy s i n  a + s i n  5 s i n  a) 
2 
2 2 3 
- R R(cos 5 cos CY + s i n  5 s i n  cy) 
+ R ~1 s i n   cos 5 cos cy + cos2 5 s i n  5 s i n  a ) l i  
+ [-RV cos  cos 5 cos2 cy + s i n  5 s i n  cy cos cy) 
+ R 0 s i n  
+ [RV s i n  T ( s i n  5 cos 5 cos2 cy + s i n  5 s i n  cy cos cy) 
- RV s i n  7)(cos 5 s i n  cy cos cy + cos 5 s i n  5 s i n  a) 
+ R h2 s i n  71 cos  COS 
(30) 
2 2 y ( s i n  5 cos2 5 cos cy + s in2  5 cos 5 s i n  a)]j 
2 
2 2 
2 2 5 cos cy + s i n  5 cos f s i n  cy)]k]. 
To f i n d  'E, the in tegra t ion  over 'fl and 5 is  performed by f i r s t  in tegra ted  
over 7 )  from o t o  n. The in tegra t ion  over 7 )  can be performed without 
consider ing the  d i f fe rence  i n  accommodation c o e f f i c i e n t .  The r e s u l t ,  y e t  
t o  be in tegra ted  over 5 ,  becomes, 
I2The j u s t i f i c a t i o n  for  neglect ing specular ly  r e f l e c t e d  mole- 
cu les  when cyd changes with posi t ion may n o t  be as c l e a r  as  before when 
a d  was constant .  
through the  center  of mass of the s a t e l l i t e .  This force i s  g rea t e r  due 
t o  impingement on one surface than on the o ther .  Therefore, the ne t  
e f f e c t  is t o  cause an aerodynamic " l i f t "  t o  the  s a t e l l i t e ,  but no torque. 
The r e s u l t a n t  force  of a specular  r e f l e c t i o n  s t i l l  passes 
I ^I  . 23 
(31) + - -  Rv (cos 25 s i n  2 a  - s i n  25 cos 2cy)k] . 3 r r  
To perform t h e  in t eg ra t ion  over 5 :  t he -a i f f e rence  i n  accommodation coef- 
f i c i e n t  must be considered. 
t o  5 = - The cold sur face ,  CY then is from sphere from 5 = - - 2 
Assume the  h o t  su r f ace ,  cy 
2 -  d '  
is the  ha l f  d '  
rr Tr 
Tr 3Tr 
2 2 5 = - t o  5 = - . The in tegra t ion  musS'also include only the  su r face  
exposed t o  the  v e l o c i t y  stream. The i n t e g r a t i o n  is divided i n t o  four  
p a r t s .  
- 
L =  
1 3Tr TT w -  2 - I' J2dg(----)  + ad1 J dE(----) L cy- 2 3Tr 2 - 
The subscr ip ted  square bracket  serves t o  ind ica t e  t h a t  the  i n t e g r a t i o n  
contained i n  the  bracket i s  va l id  only wi th in  the  limits s t a t e d  on the  
angle  cy. 
must be used. 
When cy is beyond these l i m i t s ,  t h e  o the r  bracketed in t eg ra t ions  
- 
In t eg ra t ing  over 5 ,  the x ,y ,z  components of the  vec tor  L become: 
L = PVR 4 T r  Sa s [ C Y ~ ~ ( C O S  2 - 2 COS oc - 3 )  + "(COS 2 CY + 2 COS (Y - 3)]  
X d 
> I  (33) 
3 -  
s i n  2 CY s i n  2 CY ) + cyd"(- s i n  cy + 2 L = pm4n: [cydl(sin cy + 
L = p V R  
Y 
1 - cy f l ) { [ l  - cos 2 a3 + [ -  1 + cos 2 cy] 




It is t o  be noted t h a t  only the z component of torque requires  the sub- 
s c r i p t e d  no ta t ion  introduced above. 
Since the coordinate s y s t e m s  have been set  up so t h a t  x ,y ,z  have 
a t  t he  i n s t a n t  i n  t i m e ,  the  instantaneous s JS 9 %  t h e  s a m e  d i r e c t i o n  as x 
torque on the  s a t e l l i t e  r e fe r r ed  t o  the f ixed  i n e r t i a l  frame of t he  o r b i t  
has t h e  same components when r e fe r r ed  t o  the  coordinates  f ixed with respec t  
t o  the  s a t e l l i t e .  Therefore, a t  t h i s  i n s t a n t  i n  t i m e  
L = L  , L  = L  , a n d L Z = L  
Z x Y Ys S X S 
To descr ibe  the  motion of the  s a t e l l i t e  under the ac t ion  of t h i s  torque the  
reference angles qi and O s  are introduced, Let 8 be the angle between 
the  normal t o  t h e  o r b i t ,  z ,  and the sp in  a x i s ,  x . I n i t i a l l y  then, 
S S 
S 
TT e s  - 7 .  L e t - @  be the  angle between the  l i n e  of nodes of the  o r b i t ,  x, 
S 
and the  r i s i n g  node of t he  s a t e l l i t e  with respec t  t o  the o r b i t  plane,  ys. 
Therefore,  @ = - i n i t i a l l y .  The motion of t he  coordinate system at tached s 2  
t o  t h e  s a t e l l i t e  i s  defined by 
T l  
w = - @ c o s 8  
X 
S 
w = 8  
YS 
w = $ s i n e .  z 
S 
E u l e r ' s  dynamical equations f o r  t h i s  system are 
L = Ix (wx + m X 
S s s  
L = I w  + ( I x - I ) w z w  + I x n w Z  
X 
YS Y S  S s s  S S 
( 3 4 )  
(35) 
where I = I = I the  moment of i n e r t i a  of the  body. Although the  moment 
z 
YS S 
of i n e r t i a  about the  sp in  axis must be l a rge r  than the  o ther  moments f o r  
25 ' .  
i 
sp in  s t a b i l i z a t i o n  of t he  GSL s a t e l l i t e ,  the  d i f fe rence  is considered 
s m a l l  enough t o  neglec t  i n  t h i s  analysis .  Therefore,  l e t  
I w I = t he  moment of i n e r t i a  of a sphere. 
X 
S 
Making the  usua l  assumption t h a t  the sp in  rate i s  much l a r g e r  than the  
S '  
Euler  equations s impl i fy  t o  
L = I R  
L = I h Z w  = I R @ s i n B s = I R $  
X 
S 
z Y S  S 




The angular precession can now be found from 
and 
S s d c u  
0 
AB S = - l  0 uz 
where w i s  the  o r b i t a l  angular ve loc i ty  and is  a constant  f o r  a c i r -  
c u l a r  o r b i t .  Performing the  indicated in t eg ra t ion  on equations (37) and 
0 
(38) a f t e r  s u b s t i t u t i o n  of the  expressions f o r  L and L given i n  
equat ion (36) y ie lds  
z YS S 
4 O1 
0 
s i n  2 01 2 3  = - €!.EL ' - Q 11) {. + ( - a ;  
S 3Ua wo d 
(39) 
The l i m i t s  on 01 must now be spec i f ied  i n  accordance with the  assumption 
t h a t  no torque a c t s  on the  s a t e l l i t e  when it is i n  the  shadow of the  ear th .  
i The angle,  (Y , a t  which the s a t e l l i t e  en te r s  the  e a r t h ' s  shadow is  (see 
Fig.  6) 
R 
i -1 2 
RO 
CY = TT + cos 
where R is the  radius  of the ear th  and R is  the  radius  of the  o r b i t  
measured from t h e  center  of t he  ear th .  
e 0 
The angle, 2 ,  a t  which the  
s a t e l l i t e  leaves the  e a r t h ' s  shadow is 
R 
R *  




i The in t eg ra t ion  between the l i m i t s  CY 
and AQs because the torque is  zero i n  t h i s  region.  
on CY become 
and 2 cont r ibu te  nothing t o  A8 
S 








R .  
-1 2 B s  = cos 
0 
S u b s t i t u t i n g  i n t o  these  equations t h e  expressions f o r  the  moment of 
p TT R , and the  ve loc i ty  of t he  s a t e l l i t e  i n e r t i a  of a sphere,  I = -  





1 1  = -  
*% 
C Y l d  - cy d 32 P s  R 
and 
(45) 




-1 3 B s  = c3s  
Ro 
Since the  o r i e n t a t i o n  of the s a t e l l i t e  sp in  axis with r e spec t  t o  
t h e  sun w i l l  change due t o  t h e  motion of the  e a r t h  about t he  sun, equations 
(52) and (53) give the  maximum angular displacement of the  sp in  axis t h a t  
CZI ecciir In m e  o s b i t .  Now, one-quarter of a year after the s p i n  axis w a s  
poin t ing  a t  the  sun, the  pos i t i on  of t he  e a r t h  i n  i t s  o r b i t  w i l l  cause the  
s a t e l l i t e  sp in  ax is  t o  be normal t o  t h e  sun ' s  rays .  The accommodation 
c o e f f i c i e n t  w i l l  then be of constant value a t  a l l  po in ts  on the  su r face  
because the  sa te l l i t e  w i l l  have reached an equi l ibr ium temperature a t  a l l  
po in t s  on the  sur face .  Then A e  and Lqj w i l l  be zero f o r  one o r b i t  s ince  
( e l d  - alld) = 0. To obta in  the  ac tua l  v a r i a t i o n  of A e  
t h e  year  would r equ i r e  knowledge of the v a r i a t i o n  of temperature d i s t r i b u t i o n  
and accommodation c o e f f i c i e n t  which is  no t  ava i lab le .  This v a r i a t i o n  i s  
approximated by assuming A e  and A$ t o  decrease o r  increase l i n e a r l y  from 
i t s  maximum value t o  zero i n  one-quarter year .  From t he  p l o t  of the  known 
po in t  shown i n  Fig.  4 one can e a s i l y  determine t h a t  the  t o t a l  i n t eg ra t ed  
angular displacement f o r  one year  would be zero.  
t i o n  from an i n i t i a l  value of zero would be l a rge  and measurable. This 
value is  j u s t  t he  in tegra ted  angular d e f l e c t i o n  f o r  the  ha l f  year  when A0 
and Ms s ta r t  from zero  va lues ,  pass through t h e  maximum and back t o  zero.  
T h i s  i n t e g r a l  i s  approximated as the a rea  of an e q u i l a t e r a l  t r i a n g l e  wi th  
base of 1 / 2  year  and having v e r t i c e s  a t  the  known poin ts  seen i n  Fig.  8 
S S 
and A$s throughout 
S 
S S 
However, the  maximum def lec-  
S 
A e s  o r  A@ number of o r b i t s  i n  112 year  
(@ s S 2 ) (  one o r b i t  
o r  8 )(maximum) = ( 
A p l o t  of the  maximum t o t a l  angular precession is  given i n  F ig .  9 where 
for purposes of ca lcu la t ion  the sp in  r a t i o ,  hl, mate r i a l  dens i ty ,  p S '  and 
I 
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xl Maximum occurs 
I X  time 
when spin axis is 
parallel to sun’s rays 
1 year 3 5 ayeor +;ear a year 
t Minimum occurs 




Figure  8 .  Diagram of known precession rate  values 
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Figure 9 .  Aerodynamic precession due t o  nonuniform 
solar heating vs .  alt i tude.  








r ad ius ,  R ,  of the  gyro where taken to be 250 rev jsec ,  2.2x10 3 kg/m 3 and 
1 .5X10-4km, respec t ive ly .  
From Fig.  9 i t  i s  seen tha t  t he  nonuniform s o l a r  hea t ing  e f f e c t  
could be s i g n i f i c a n t  a t  even 600 m i l e s  i f  the  accommodation c o e f f i c i e n t  d i f -  
fe rence  is l a rge  due t o  the  temperature d i f fe rence .  
d a t a  p red ic t s  an extremely small  change i n  accommodation c o e f f i c i e n t  wi th  
temperature,  if any a t  a l l .  Very l i t t l e  work has been done i n  t h i s  a r e a  
and v a l i d  experimental  evidence of t h e  dependence of accommodation coef- 
f i c i e n t  on su r face  temperature i s  n o t  r e a d i l y  ava i lab le .  An experiment by 
J. K. Roberts (1932) shows an increasing thermal accommodation c o e f f i c i e n t  
with temperature of 
Fortunately,  experimental  
.01 
5OoC 
- Aa m -  
ATW 
where T i s  the  temperature of t h e  sur face .  Some of the  more r e l i a b l e  l a t e r  




- AI2 M. 00 1 
ATw 5OoC 
One s tudy of normal momentum t r ans fe r  by R. E. Stickney and F. C .  Hurlbut 
show no change of accommodation coe f f i c i en t  wi th  temperature;14 however, 
t h e i r  r e s u l t s  wi th  r e spec t  t o  temperature e f f e c t  are not  accurate  enough 
t o  r evea l  a Aa/ATw of l e s s  than .O1/5O0C. 
I4R. 
Transfer  by Mo 
J. A .  Laurman, 
E .  Stickney and F.  C .  Hurlbut,  "Studies of Normal Momentum 
ecu la r  Beam Techniques , I 1  Rarefied Gas Dynamics, ed.  
Vol. I, 1963, pp. 454-469. 
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I f  we take i n t o  account t he  experimental  work t h a t  has been done 
on the  temperature dependence of accommodation c o e f f i c i e n t ,  it appears 
t h a t  t he  nonuniform hea t ing  e f f e c t  a t  600 m i l e s  a l t i t u d e  w i l l  not  be d e t r i -  
mentai t o  the  r e l a t i v i t y  experiment. However, it i s  an i n t e r e s t i n g  
prospect ,  i n  view of t he  sca rc i ty  of experimental  da t a ,  t o  th ink  of being 
ab le  t o  measure t h i s  temperature dependence by o r b i t i n g  a t  a lower a l t i -  
tude t o  magnify the  aerodynamic e f f e c t .  The f e a s i b i l i t y  of performing 
t h i s  type of experiment w i l l  be discussed i n  the  l a s t  s ec t ion  of t h i s  
t h e s i s  
Now consider  what t h e  motion of the  s p i n  a x i s  would be i f  t h e  
d i f f e rence  i n  accommodation c o e f f i c i e n t  w e r e  due t o  a d i s t r i b u t i o n  of 
su r face  roughness o r  o the r  surface p rope r t i e s .  Analogous t o  nonuniform 
hea t ing  ana lys i s ,  consider  one-half t he  sphe r i ca l  su r f ace  t o  have a su r -  
f ace  property such t h a t  i t s  accommodation c o e f f i c i e n t  i s  CY' and then 
the  o the r  ha l f  sphere t o  have a d i f f e r e n t  su r f ace  property such t h a t  i t s  
accommodation c o e f f i c i e n t  i s  a'' I f  w e  assume the  sp in  a x i s  t o  be i n  
the  plane of the  o r b i t ,  t he  equations of motion of the  sp in  ax i s  a r e  the  
same as those f o r  the  nonuniform hea t ing  case  with one notab le  exception. 
I n  t h e  nonuniform hea t ing  case the accommodation c o e f f i c i e n t  d i f f e rence  
went t o  zero when the  s a t e l l i t e  w a s  i n  the  e a r t h ' s  shadow. I n  the  non- 
uniform sur face  property case the accomodat ion c o e f f i c i e n t  d i f f e rence  
never goes t o  zero. Therefore,  when the  i n t e g r a t i o n  over one o r b i t  i s  
evaluated,  t he  expression f o r  torque i n t e g r a t e s  t o  zero and no f i n i t e  i n t e -  
g ra t ed  motion could be observed f o r  one o r b i t .  The torque is a l s o  zero i f  
one considers  the  s p i n  a x i s  t o  be i n  the  plane which separa tes  the  two 




From the  discussion and ca l cu la t ed  r e s u l t s  f o r  the nonuniform 
su r face  property e f f e c t ,  one can conclude t h a t  the  torque a r i s i n g  from a 
loca l i zed  accommodation d i f fe rence  (such as  a s m a l l  a rea  damaged by a 
meteoroid) would be much less than t h a t  r e s u l t i n g  from the  nonuniform 
hea t ing  case ,  and, therefore ,  loca l ized  accommodation c o e f f i c i e n t  d i f -  
ferences would be neg l ig ib l e  i n  comparison t o  the  torques r e s u l t i n g  from 
o the r  e f f e c t s .  This conclusion is a l so  subs t an t i a t ed  by the  work of 
R.  D. Palamara,  who s tudied  the  e f f e c t  of loca l ized  accommodation coef- 
f i c i e n t  d i f f e rences  and a r r ived  a t  the  r e s u l t  t h a t  the  maximum per iodic  
precession would be l e s s  than 4 . 6 ~ 1 0 ' ~  sec  of a r c  p e r  u n i t  radian from 
v a r i a t i o n  i n  CY on a sur face  element dA. 15 d 
I5R2. D, Palamara, 2. G, p.  68 
I .  
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I V .  EFFECT OF REGRESSION O F  ORBIT ON SATELLITE MOTION 
I n  t h e  ca l cu la t ion  completed i n  the  previous sec t ions ,  t h e  
s a t e l l i t e  o r b i t  has been assumed f ixed  i n  i n e r t i a l  space. I n  general ,  
e a r t h  o r b i t s  are reg res s ing  o r b i t s  because the e a r t h  i t s e l f  i s  not  a 
p e r f e c t  sphere.  
the  o r i e n t a t i o n  of the  s a t e l l i t e  with r e spec t  t o  the  o r b i t a l  plane.  Since 
the  aerodynamic torque depends upon t h i s  o r i e n t a t i o n ,  o r b i t a l  regress ion  
w i l l  e f f e c t  the  motion of sp in  axis of the  s a t e l l i t e  a s  seen by an e a r t h  
based observer.  Also, i f  i t  i s  des i rab le  t o  maintain a s p e c i f i c  or ien-  
t a t i o n  of the  s a t e l l i t e  with respec t  t o  the  o r b i t a l  plane (say t o  
maximize o r  minimize a torque) ,  an o r b i t a l  regress ion  ana lys i s  must be 
made t o  determine t h e  o r b i t a l  parameters needed. For completeness the  
e f f e c t  of regress ing  o r b i t  is  analyzed and sample r e s u l t s  obtained t o  
i n d i c a t e  the  sp in  axis motion. 
The p r i n c i p a l  e f f e c t  of o r b i t a l  regress ion  i s  t o  change 
For tuna te ly ,  much of the preliminary work necessary f o r  t h i s  
ca l cu la t ion  has been completed by o thers  and many references a r e  ava i lab le .  
An unpublished r epor t  by James L. Myers of t he  Coordinated Science Labora- 
t o ry  on g rav i ty  grad ien t  precession w a s  used t o  s e t  up the  necessary 
equations f o r  the  ca l cu la t ions .  
The coordinate  system to  be used is shown i n  Fig.  10. The motions 
of the  sp in  ax is  as  seen by the ea r th  based observer a r e  r e fe r r ed  t o  an 
i n e r t i a l  frame with the  Z axis along t h e  North Pole and the  X-Y plane 
being the  equa to r i a l  plane of the e a r t h  with the  X ax i s  along the  l i n e  of 
verna l  equinox. 
The t ransformation of the aerodynamic torque expression of 





Figure 10. Coordinate systems used for the  
o r b i t a l  regress ion a n a l y s i s  
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s t e p s .  F i r s t  l e t  6, = 0, then equation ( 8 )  becomes 
s i n  2a 
2 L = - Lo s i n  0 X S 
S 
c) 
L = - L s i n  0 cos eS s inLa  
0 S 
Y S  
This r e f e r s  t h e  torque t o  t h e  o r b i t a l  plane so t h a t  t he  t r ans -  
formation t o  the  i n e r t i a l  frame is s impl i f i ed  t o  a transformation of the  
angle 8 shown i n  Fig.  10. 
5 = L  c o s p - L  s i n @  
YS X S S 
5 = L s i n  B + L cos B 
YS X S S 
which becomes, using equations ( 4 7 )  and ( 4 8 ) ,  
s i n  2cr 2 - s i n  0 cos 8 s i n  p s i n  a) 2 S S 5 = - Lo(sin 0 cos B S 
S 
s i n   CY 2 + s i n  0 cos 0 cos B s i n  CY) . 
2 S S 
Ly - - L ( s i n  0 s i n  fi 
0 S 
S 
The o r b i t a l  regress ion  is taken i n t o  account by expressing the  
and 8 i n  terms of the t i m e  varying o r b i t a l  parameters i and @ ,  angles 0 
and t h e  sp in  axis d i r e c t i o n  angles E and qj 
S 
r a t e s  
cos 8 = s i n  i s i n  f cos(@ - qj) f cos i cos f 
S 
s i n  0 s i n  B = s i n  i s in(@ - qj) 
s i n  8 cos 8 = s i n  i cos E cos (@ - 9) - COS i s i n  E . 
S 
S 
Now,using the  reduced Euler equation f o r  gyros with high sp in  





















Therefore,  s u b s t i t u t i n g  equations (51) i n t o  equations ( 4 9 )  and ( 5 0 )  and 
s u b s t i t u t i n g  t h i s  r e s u l t  i n t o  the  E u l e r  equat ions,  (52) and (53) ,  the  
motion of the  sp in  axis is given by 
s i n  2a L 
IC? qj = - q s i n  i c o t  E cos(@ - qj) - COS i] 
2 L 
I R  + *sin i s i n ( +  - qj>J[sin i cos($ - qj) + cos i c o t  €1 s i n  CY 
L s i n    CY q s i n  i s i n ( +  - $11 7 
Ihl E = 
L 
I R  + q s i n  i cos E cos (4 - $1 - cos i s i n  €][sin i cos (Q - qj) 
(54 )  
( 5 5 )  
2 + cos i c o t  E] s i n  CY . 
To f i n d  the  angular displacement of the  sp in  ax is  f o r  a given period of 
t i m e ,  equat ions ( 5 4 )  and ( 5 5 )  must be in t eg ra t ed  over time. Although i, 
f, 'P, $, and CY a r e  a l l  funct ions of t i m e ,  important s impl i f i ca t ions  can be 
made by not ing the  degree of dependence on time of each angle.  The angles 
i, E, and qj change by so small an amount t h a t  they can be considered con- 
stant compared t o  @ and a. Now, CY = u) t, where u) is the  angular ve loc i ty  
of the  s a t e l l i t e  about the earth. For  the  types of o r b i t s  being considered, 
u) is  l a rge  compared t o  the  regression angular ve loc i ty  @ = +/t .  For the  
per iod of time of one o r b i t ,  i c a n  be assumed cons tan t  compared t o  CY and an 
average qj and E can be ca l cu la t ed  by i n t eg ra t ing  equations ( 5 4 )  and ( 5 5 )  
0 0 
0 
over the  angle CY from 0 t o  ZIT. Therefore, 
L 1 0  
2 1 0  
[ s i n  i s i n ( @  - @)][sin i cos(@ - $) + cos i c o t  €1 - - -   
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L 
2 I R  
= 1 *sin i cos E cos(@ - a)- cos i s i n  E l i s i n  i cos(@ - p)+ cos i c o t  €1 
With these  equations then, the  angular displacement of the  sp in  
axis can be found a f t e r  a given time i f  the  i n i t i a l  values of i, E ,  and $ 
are given. The in t eg ra t ion  must be taken over an i n t e g r a l  number of o r b i t s  
with @ now being the  only dominant func t ion  of time. 
mation, @ is  given 
To a f i r s t  approxi- 
16 
where Qo is  an i n i t i a l  condi t ion  and 
rad i = 3rr cos i -  rev  
0 
f o r  a c i r c u l a r  o r b i t  of radius  R and i n c l i n a t i o n  i, where 
0 
J = 1.082x10-3 . 
2 
For e c l i p t i c  o r b i t s  w i t h  small  e c c e n t r i c i t y  the  expression given 
above i s  approximately the  same. Also, higher order  co r rec t ions  a r e  s m a l l .  
The in t eg ra t ion  of the equations is e a s i l y  performed, but  t he re  
a r e  many d i f f e r e n t  r e s u l t s  possible ,  depending upon the  i n i t i a l  condi t ions 
on f, @ ,  i, and @ e  Numerical methods should be used a t  t h i s  po in t  t o  give 
I 6 0 r b i t a l  F l i g h t  Handbook, 9. e., p.  IV 21. 
8 
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the  poss ib le  r e s u l t s  f o r  var ious i n i t i a l  condi t ions.  However, much in fo r -  
mation can be learned by tak ing  a p a r t i c u l a r  simple case  which revea ls  the  
type of so lu t ions  t o  be expected. 
I n  an experiment t o  measure e i t h e r  the  accommodation c o e f f i c i e n t  
o r  t he  genera l  r e l a t i v i t y  e f f e c t ,  the  sp in  axis is  requi red  t o  remain 
f ixed  with respec t  t o  the  o r b i t  plane. This requirement r e s t r i c t s  the  
o r b i t  t o  be e i t h e r  a near  po lar  or near  equa to r i a l  o r b i t  because these  
a r e  the  only non-regressing o r b i t s .  To i l l u s t r a t e  the type of so lu t ions  
expected when o r b i t a l  regress ion  is included, the  near po lar  o r b i t  w i l l  be 
used as an example. Then, 
s i n  i M  i 
cos i w i 
I 
also requi re  the sp in  axis t o  be near ly  i n  the  o r b i t a l  plane. That i s ,  
l e t  
E = n + 6  
2 e  
where 6 e  is a s m a l l  angle.  Then 
s i n  f w 1 
COS E M -6 . e 
With these  assumptions, equations (56) and (57) f o r  the  
average angular motion of the  spin axis become, 
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u T  
E = -  0 2  [ i  be cos 2 (@-$I - b e  2 cos(@-@) + i cos($+) - be] . L  
( 5 9 )  2m 
Since the angles i and 6 are s m a l l ,  t he  above equations can e 
be s impl i f i ed  by neglec t ing  terms having c o e f f i c i e n t s  of order  higher  
than i or 6 . The result is then, e 
N 
( L O  or  = Go = cons tan t  
- L  
(e" [i cos(@-@) - s,] . 2m 
cos(@-@) = c o s ( @ t  + @ -@ ) . 
0 0  
Therefore, l e t t i n g  $o-@o = 0 the  motion of the  sp in  axis is 
given by 
C i  cos a t  - 6,1 - - Lo 6 = -  2m 
Therefore ,  
t 
A€ = - Lo (i cos i t  - 6,)dt 
2* 0 
i dcY 
el, - A S  [ i c o s  (-a) - L t  W 
0 0 0 
- 2x2 
where n is the  number of o r b i t s  i n  a t i m e ,  T.  Therefore, 
o r  
L m  0 2 A€ = [- i s i n  @T - 26,] 
2* Wo @T 
1 
(63) I 
where T = 2nrr/wO. Subs t i t u t ing  f o r  L and I,  t h i s  becomes 
0 
R 1 5 1 ~  p o A E = n c r  - 
40 
(64) 
The c o e f f i c i e n t  of the bracketed term is the  same as  found 
f o r  t he  non-regressing o r b i t  analysis  and i s  p lo t t ed  i n  Fig.  5. In  f a c t ,  
t h e  second term 
R 
d 6 4 0  R n u  - 15irr E- (-26,) 
S 
i s  exac t ly  t h e  r e s u l t  one would expect i f  t he  o r b i t  was non-regressing 
and 8 = + 6 e 0  Therefore,  the  e f f e c t  of regress ion  is seen t o  add an 
o s c i l l a t i n g  term having the  o r b i t a l  regress  ion frequency and magnitude 
S 
dependent upon the  o r b i t a l  i nc l ina t ion .  
A t  600 m i l e s  f o r  a so l id  g l a s s  s a t e l l i t e  of one-foot diameter 
and t i m e  equal t o  one year  
R 
d 64 p s  R n u  -E- 2 E 2 ad sec  a r c  
rad @ = 35- year  
T = 1 year  . 
Then, l e t t i n g  s i n  @T be maximum (51) , w e  have 
-- *' 
d 
2[-2 6 e -  + .056 i] s e c l a r c  . rY 
This r e s u l t  shows t h a t  the  e f f e c t  of o r b i t a l  regress ion  f o r  the  condi- 
t i o n  used is  small  if 6 i s  t h e  same order  as  i. However, i f  i is  allowed 
t o  be an order  of magnitude g rea t e r  than 6 the  o r b i t a l  regress ion  
e f f e c t s  could be of the  same order a s  the  aerodynamic e f f e c t .  
e 
e '  
The most important conclusion drawn from the  ca l cu la t ions  of 
t h i s  s ec t ion  i s  t h a t  when o r b i t a l  regress ion  i s  included i n  the  ana lys i s ,  
I * *  
l -  
t h e  r e s u l t s  w i l l  be separable  into two pa r t s .  One term w i l l  be of the  
same type as  f o r  the Eon-regressing o r b i t .  The other  p a r t  of t h e  solu-  
t i o n  w i l l  conta in  terms of the  o r b i t a l  regress ion  frequency. These 
l as t  terms cannot i n  general  be neglected because they w i l l  depend upon 
the o r b i t a l  parameters and be  of var ious magnitudes. Also, i f  it is 
des i r ed  t o  keep the  sp in  ax i s  f ixed wi th  respec t  t o  the  o r b i t a l  plane,  
t h e  regress ion  r e s u l t s  w i l l  give the  accuracy required on i, E ,  and $ 
t o  r e t a i n  a c e r t a i n  i n i t i a l  o r i en ta t ion .  
41 
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V. DISCUSSION OF RESULTS 
?.I 81 04 
This ana lys i s  has  consis ted of f i r s t  obtaining the  aero- 
dynamic torque equations €or a spinning sphe r i ca l  s a t e l l i t e  and f ind ing  
the motion of the  sp in  axis due t o  t h i s  torque. The torque w a s  found 
t o  depend upon the  accommodation c o e f f i c i e n t  of t he  s a t e l l i t e  su r f ace  
and the  o r i e n t a t i o n  of the  s a t e l l i t e  with respec t  t o  the  o r b i t a l  plane.  
Consideration was the re fo re  given t o  the  e f f e c t s  of nonuniform accom- 
modation c o e f f i c i e n t  d i s t r i b u t i o n  and t i m e  dependent s a t e l l i t e  
o r i e n t a t i o n .  The former was analyzed by consider ing nonuniform heat ing 
of t he  s a t e l l i t e  su r f ace  which was assumed t o  cause a nonuniform 
d i s t r i b u t i o n  of accommodation coe f f i c i en t .  The e f f e c t  of t i m e  depen- 
dent  o r i e n t a t i o n  of the s a t e l l i t e  w a s  analyzed by including o r b i t a l  
regress ion  e f f e c t s  which cause a change i n  the  o r i e n t a t i o n  of the  
s a t e l l i t e  with r e spec t  t o  the o r b i t a l  plane.  The r e s u l t s  of a l l  t he  
ca l cu la t ions  were applied t o  the s a t e l l i t e  proposed by the  Coordinated 
Science Laboratory t o  measure a general  r e l a t i v i t y  e f f e c t .  These calcu-  
l a t e d  r e s u l t s  w i l l  now be  discussed; f i r s t  with respect t o  reducing the  
aerodynamic e f f e c t  so as  not  t o  obs t ruc t  the  measurement of t he  r e l a t i v i t y  
e f f e c t  and, second, with r e spec t  to the  f e a s i b i l i t y  of u t i l i z i n g  the  aero- 
dynamic e f f e c t  t o  measure accommodation c o e f f i c i e n t .  u-rbi yL 
Minimizing the Aerodynamic Torque 
The experiment proposed by the  Coordinated Science Laboratory 
t o  measure a general  r e l a t i v i t y  e f f e c t  c o n s i s t s  of measuring the  angular 
displacement of the  s a t e l l i t e  spin axis from i t s  o r i g i n a l  pos i t i on  a f t e r  
a one-year period of t i m e .  The predicted angular displacement due t o  the  
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r e l a t i v i t y  e f f e c t  a lone is 5 t o  7 s e c  of a r c  per year .  It is  des i r ab le  
i n  regard t o  t h e  r e l a t i v i t y  experiment t o  reduce the  aerodynamic e f f e c t  
t o  a value of a t  l e a s t  less than one-tenth the  pred ic ted  r e l a t i v i t y  
e f f e c t .  From the  r e s u l t s  ca lcu la ted  i n  t h i s  r epor t ,  the  reduct ion of the  
aerodynamic e f f e c t  i s  poss ib le  providing proper s a t e l l i t e  o r i e n t a t i o n  is 
maintained. Figure 5 shows t h a t  i f  the  sa te l l i t e  is o rb i t ed  a t  an a l t i -  
tude of 600 m i l e s  o r  more and the sp in  ax is  i s  r e s t r i c t e d  t o  l i e  wi th in  
3 O  of the  o r b i t a l  plane,  then an angular displacement of l e s s  than .2 sec  
of a r c  per  year  is t o  be expected. 
s ince  the  experiment requi res  the s p i n  axis t o  be near ly  i n  the  plane of 
t h e  o r b i t  t o  produce the r e l a t i v i t y  e f f e c t .  The 600 m i l e  a l t i t u d e  l i m i -  
t a t i o n  is  approximately t h e  a l t i t u d e  o r i g i n a l l y  proposed f o r  t he  experi-  
ment and has s i n c e  served as one of experimental parameters. 
These are reasonable requirements 
The nonuniform hea t ing  ana lys i s  was considered t o  be of 
importance t o  the  r e l a t i v i t y  experiment because i f  an equa to r i a l  o r b i t  
were.used the re  would be very l i t t l e  t h a t  could be done t o  prevent non- 
uniform hea t ing  of the  su r face  of the  s o l i d  s a t e l l i t e .  The r e s u l t s  shown 
i n  F ig .  9 i nd ica t e  t h a t  nonuniform hea t ing  should n o t  be of importance i f  
t he  ava i l ab le  experimental work on accommodation c o e f f i c i e n t  change with 
temperature can be relyed upon. 
and assuming a pess imis t ic  value of 50 change i n  temperature, t he  preces- 
s ion  r a t e  a t  600 miles  due to  nonuniform hea t ing  is  l e s s  than .2 sec  of 
a r c  per year .  Therefore, the  use of the  equa to r i a l  o r b i t  f o r  the  r e l a t i v i t y  
experiment is permissible from aerodynamic cons idera t ions  . 
Taking t h e  maximum &/AT as  .01/50° N 
0 
The o r b i t a l  regression ana lys i s  i s  of importance because from it 
the  o r b i t a l  parameters a r e  determined which allow the  sp in  a x i s  t o  remain 
r e l a t i v e l y  f ixed  with r e spec t  t o  the  o r b i t a l  plane. The f i x i n g  of the  
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s p i n  ax is  t o  the  o r b i t a l  plane for  a period of a year  i s  necessary not  
only t o  reduce the aerodynamic e f f e c t  but  a l s o  t o  maximize the  r e l a t i v i t y  
e f f e c t  and minimize g r a v i t y  grad ien t  precession. Therefore,  t he  requi re -  
ment of near  zero o r b i t  i nc l ina t ion  f o r  the  case of a polar  o r b i t  is 
compatible with t h e  r e l a t i v i t y  experiment. 
expected f o r  e i t h e r  t h e  polar  or equa to r i a l  o r b i t s  and t h e  var ious i n i t i a l  
condi t ions possible .  
This compat ib i l i ty  is t o  be 
It can then be concluded t h a t  the  aerodynamic e f f e c t s  can be 
reduced t o  l e s s  than one-tenth the r e l a t i v i t y  e f f e c t  by o r b i t i n g  a t  600 
m i l e s  o r  above and requi r ing  the s p i n  ax is  t o  be wi th in  3 
plane.  
0 of the  o r b i t a l  
F e a s i b i l i t y  of U t i l i z i n g  the  Aerodynamic Ef fec t  
t o  Measure Accommodation Coeff ic ien ts  
The f e a s i b i l i t y  of u t i l i z i n g  the  aerodynamic e f f e c t  t o  measure 
accommodation c o e f f i c i e n t s  can be der ived from the  r e s u l t s  ca l cu la t ed  i n  
this repor t .  
minimize o ther  e f f e c t s  such as the r e l a t i v i t y  e f f e c t  and g rav i ty  grad ien t  
e f f e c t .  The magnif icat ion of the aerodynamic e f f e c t  can be achieved by 
using a lower o r b i t  which, due t o  t h e  higher  gas dens i ty ,  causes a substan- 
t i a l  increase i n  aerodynamic torque. However, as t h e  dens i ty  increases  so 
does the  aerodynamic drag and therefore  the  l i f e t i m e  of the  s a t e l l i t e  i s  
g r e a t l y  reduced when lower o r b i t s  a r e  used. To insure  a l i f e t i m e  of a t  
l e a s t  two years  f o r  t he  type of s a t e l l i t e  proposed, an a l t i t u d e  of 300 
m i l e s  o r  more must be  used. A t  300 m i l e s  the  aerodynamic precession is  
about 100 ad sec  of a r c  per  year ( see  F ig .  5) which is w e l l  above the  
r e l a t i v i t y  e f f e c t .  
I n  order  t o  measure the  aerodynamic precession, we should 
To achieve t h i s  l a rge  amount of precession the  sp in  
1 
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axis must be o r i en ted  so as  t o  be 45O out  of the  o r b i t a l  plane [ see  Eq. 
(19)] .  
gradien t  precession maximum. However, g rav i ty  grad ien t  precession is  
kaown t o  a high degree of accuracy and can, i f  necessary,  be subt rac ted  
from t h e  data .  The o r b i t a l  regression e f f e c t s  can a l s o  be taken i n t o  
account through Eqs. (56) and (57), and these are now m o r e  complicated 
than the  r e s u l t  given i n  Eq.  (64). I n  f a c t ,  a l l  the  torque ana lys i s  
completed by the  Coordinated Science Laboratory i n  regard t o  the  r e l a t i v i t y  
experiment a re  a l s o  appl icable  t o  an accommodation c o e f f i c i e n t  experiment. 
A l l  these  o ther  precession e f f e c t s  cause, a t  the  m o s t ,  .1 sec  of arc per 
year  precession and t h i s  magnitude is  not  dependent upon a l t i t u d e  t o  any 
appreciable  ex ten t .  
This a l s o  happens t o  be the  o r i e n t a t i o n  t h a t  makes g rav i ty  
. 
It appears then t h a t  the 100 Q sec  of arc per  year precession d 
can be measured t o  an accuracy of one p a r t  i n  one hundred s ince  a l l  preces- 
s ions  g rea t e r  than .1 sec  of arc  per year  can be compensated f o r .  
accuracy is  d i r e c t l y  dependent upon the  accurate  determination of the  
atmospheric dens i ty ,  p ,  which appears i n  Eqs. (19), (54), and (55). The 
fundamental problem assoc ia ted  with obta in ing  an accurate  atmospheric 
d e n s i t y  t o  use i n  the  equations is  t h a t  t he  dens i ty  is cont inua l ly  chan- 
ging not  only seasonably but a l so  during each o r b i t  a s  the  s a t e l l i t e  passes 
from the  dark i n t o  the  sun l igh t  s i d e  of t he  ea r th .  
of t h i s  t h e s i s  t h e  dens i ty  has conveniently been assumed t o  be constant .  
The exac t  r e s u l t s  can be obtained, however, by us ing  t h e  dens i ty  as a 
func t ion  of time i n  the  o r i g i n a l  equations.  
be determined t o  the  desired accuracy by using the  decrease i n  o r b i t a l  
angular v e l o c i t y  of the  s a t e l l i t e  i t s e l f  t o  c a l c u l a t e  the  dens i ty .  
i s  the common procedure used t o  determine atmospheric dens i ty  and is  
bel ieved accurate  t o  a t  least one p a r t  i n  one hundred. 
This 
I n  the  ca l cu la t ions  
The v a r i a t i o n  i n  dens i ty  can 
This 
8 -  
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It can then be concluded t h a t  the  accommodation c o e f f i c i e n t  of 
t h e  s a t e l l i t e  sur face  can be measured t o  an accuracy of one p a r t  i n  one 
hundred by the  method out l ined  above. 
would include o r b i t a l  regression and time dependent atmispheric densLty 
e f f e c t s  would of course r equ i r e  eva lua t ion  by a numerical method. 
r e s u l t s  presented i n  t h i s  t h e s i s  a r e ,  however, an ind ica t ion  of what is  t o  
be expected q u a n t i t a t i v e l y  in  measuring accommodation c o e f f i c i e n t s  by the  
s a t e l l i t e  experiment proposed. 
The exact  f i n a l  ana lys i s  which 
The 
The r e s u l t s  shown i n  Fig. 9 i nd ica t e  t h a t  it might a l s o  be 
poss ib le  t o  measure the  temperature dependence of the  a c c m o d a t i o n  coef - 
f i c i e n t  a t  an o r b i t  of 300 miles. A t  t h i s  a l t i t u d e ,  the  angular d i sp lace-  
ment of the  sp in  axis due t o  nonuniform hea t ing  i s  about 572(0! ' - ad") 
s ec  of arc per year.  Although the accommodation c o e f f i c i e n t  is thought 
be be almost un i ty ,  t h e  d i f fe rence  (ad1 - 01 ") is bel ieved t o  be small. 
I f  Q d l  - ad'' were as  l a rge  as .Ol, the  angular displacement would then be 
only 5.72 sec of a r c  per year which is about the  l i m i t  of accuracy with 
which precession can be measured. 
Science Laboratory w i l l  gain from measurement of the  r e l a t i v i t y  preces- 
s i o n ,  t he  accuracy of measurements may be increased by an order  of 
magnitude. 
d i f f e rences  t o  less than .001. Since g rav i ty  gradient  precession is zero 
f o r  sa te l l i t e  o r i en ta t ion  needed t o  measure temperature e f f e c t s ,  only the  




With the  experience the  Coordinated 
This would enable us t o  measure accommodation c o e f f i c i e n t  
It can then be concluded t h a t  the  temperature dependence of 
accommodation c o e f f i c i e n t  can be measured only i f  an order  of magnitude 
increase  i n  accuracy of precession measurements i s  r ea l i zed .  
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The aerodynamic torque on a spinning sphe r i ca l  s a t e l l i t e  has 
been enalyzed aad the  f e a s i b i l i t y  has been s tudied  of e i t h e r  reducing the  
torque o r ,  on the .o the r  hand, u t i l i z i n g  it t o  measure acconunodation 
c o e f f i c i e n t s  of sa te l l i te  surfaces .  
conclusions were obtained. F i r s t ,  the  precession r e s u l t i n g  from the  
aerodynamic torque can be reduced t o  less than .2 sec  of a r c  per  year  by 
o r b i t i n g  a t  600 miles or above and requi r ing  the  sp in  ax is  t o  be wi th in  
3' of the  o r b i t a l  plane.  
sur faces  can be measured by o r b i t i n g  a t  300 miles  wi th  the  sp in  axis 45 
ou t  of the  plane of  t he  o r b i t .  
t h a t  t h e  eEfect  is neg l ig ib l e  i n  regard t o  the  r e l a t i v i t y  experiment 
and poss ib le  measurement of t h e  temperature dependence of accommodation 
c o e f f i c i e n t s  requi res  g rea t e r  accuracy i n  precession measurements than 
now proposed, It was a l s o  found t h a t  o r b i t a l  regress ion  e f f e c t s  can be 
reduced by s u i t a b l e  choice of the i n i t i a l  o r b i t a l  parameters. 
From the  r e s u l t s  of the  ana lys i s ,  two 
Second, accommodation c o e f f i c i e n t s  of s a t e l l i t e  
0 
The nonuniform hea t ing  ana lys i s  shows 
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